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discovering objects available from a set of wireless nodes in
a wireless environment. The discovery of objects available
from a set of wireless nodes may include a determination as
to whether a particular object is available from the set of
wireless nodes, identification of the wireless node or nodes
from which a particular object is available, or the like. The
object discovery capability may leverage physical features
of the wireless medium (namely the additive nature of
wireless signals in a Hertzian broadcast channel) in combi-
nation with set reconciliation techniques (e.g., using data
encoding structures, such as Bloom filters, with information
at the physical layer or one or more other layers) in order to
enable discovery of objects available from a set of wireless
nodes in a wireless environment.
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1
DISCOVERY OF OBJECTS IN WIRELESS
ENVIRONMENTS

TECHNICAL FIELD

The disclosure relates generally to wireless environments
and, more specifically but not exclusively, to discovery of
objects within wireless environments.

BACKGROUND

The “Internet of Things” is a vision that predicates a
world in which intelligent devices and objects communicate
with each other (e.g., discovering their existence, presenting
their capabilities, negotiating service contracts, performing
useful activities, and so forth) with little or no human
assistance or supervision. The opportunistic discovery of
devices and their capabilities in wireless network environ-
ments is an open subject of research. Various technology
standards (e.g. Institute of Electrical and Electronics Engi-
neers (IEEE) 802.11 ad-hoc mode and Radio Frequency
Identifier (RFID) tag search, and so forth) support non-
coordinated interaction between devices, and various asso-
ciated techniques for automated object discovery have been
developed. For example, one technique for automated object
discovery includes use of carefully-crafted Service Set Iden-
tifiers (SSIDs) to represent the availability of certain func-
tionalities, thereby allowing a new session-dependent SSID
to be agreed upon and then used for further communication.
Similarly, for example, another technique for automated
object discovery prescribes an iterative search in the device
namespace, triggering multiple responses that interfere with
one another, until the target device is singled out (e.g.
searching for RFID tags). However, the prevalent techniques
for automated object discovery are slow, crude, and prone to
mutual interference.

SUMMARY OF EMBODIMENTS

Various deficiencies in the prior art are addressed by
embodiments for supporting discovery of objects available
from a set of wireless nodes, which may include determining
objects available from the set of wireless nodes and identi-
fying wireless nodes storing specific objects.

In at least some embodiments, an apparatus includes a
processor and a memory communicatively connected to the
processor, where the processor is configured to receive a
sequence of combined wireless signals and generate a com-
bined object data structure based on the sequence of com-
bined wireless signals. The combined wireless signals are
respective wireless combinations of wireless signals of
respective wireless signal sequences transmitted contempo-
raneously by the wireless nodes. The wireless signal
sequences of the wireless nodes are representative of respec-
tive local object data structures of the wireless nodes. The
local object data structures of the wireless nodes are indica-
tive of respective sets of objects available from the wireless
nodes. The combined object data structure is indicative of
objects available from the set of wireless nodes.

In at least some embodiments, a method includes using a
processor and a memory for receiving a sequence of com-
bined wireless signals and generating a combined object
data structure based on the sequence of combined wireless
signals. The combined wireless signals are respective wire-
less combinations of wireless signals of respective wireless
signal sequences transmitted contemporaneously by the
wireless nodes. The wireless signal sequences of the wire-
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2

less nodes are representative of respective local object data
structures of the wireless nodes. The local object data
structures of the wireless nodes are indicative of respective
sets of objects available from the wireless nodes. The
combined object data structure is indicative of objects
available from the set of wireless nodes.

In at least some embodiments, a wireless node is config-
ured to wirelessly transmit an object data structure indicative
of objects available at the wireless node. The wireless node
is associated with a set of wireless nodes that includes the
wireless node and at least one other wireless node. The
wireless node includes a memory and a processor commu-
nicatively connected to the memory. The memory of the
wireless node is configured to store the object data structure
indicative of objects available at the wireless node, where
the object data structure includes a set of values. The
processor is configured to represent the object data structure
as a sequence of signals by providing, for each value in the
set of values, a respective signal representing the value in the
set of values, where FALSE value in the set of values is
represented using a global signal for FALSE that is used by
each of the wireless nodes in the set of wireless nodes to
represent FALSE values within respective object data struc-
tures of the wireless nodes, and where each TRUE value in
the set of values is represented using a local signal for TRUE
that is unique within the set of wireless nodes for use only
by the wireless node to represent TRUE values of the object
data structure. The processor is configured to control trans-
mission of the sequence of signals from the wireless node
wirelessly.

In at least some embodiments, a method is provided for
use by a wireless node to wirelessly transmit an object data
structure indicative of objects available at the wireless node.
The wireless node is associated with a set of wireless nodes
that includes the wireless node and at least one other
wireless node. The method includes using a memory to store
the object data structure indicative of objects available at the
wireless node, where the object data structure includes a set
of values. The method includes representing the object data
structure as a sequence of signals by providing, for each
value in the set of values, a respective signal representing the
value in the set of values, where FALSE value in the set of
values is represented using a global signal for FALSE that is
used by each of the wireless nodes in the set of wireless
nodes to represent FALSE values within respective object
data structures of the wireless nodes, and where each TRUE
value in the set of values is represented using a local signal
for TRUE that is unique within the set of wireless nodes for
use only by the wireless node to represent TRUE values of
the object data structure. The method includes controlling
transmission of the sequence of signals from the wireless
node wirelessly.

BRIEF DESCRIPTION OF THE DRAWINGS

The teachings herein can be readily understood by con-
sidering the following detailed description in conjunction
with the accompanying drawings, in which:

FIG. 1 depicts an exemplary environment including a set
of wireless nodes storing objects;

FIG. 2 depicts an exemplary wireless environment and
illustrates propagation and processing of wireless signals by
wireless nodes in a set of wireless nodes storing objects;

FIG. 3 depicts an embodiment of a method for discover-
ing a set of objects available from a set of wireless nodes;
and
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FIG. 4 depicts a high-level block diagram of a computer
suitable for use in performing functions described herein.

To facilitate understanding, identical reference numerals
have been used, where possible, to designate identical
elements common to the figures.

DETAILED DESCRIPTION OF EMBODIMENTS

In general, an object discovery capability is presented
herein. The object discovery capability enables discovery of
objects in a wireless environment, which may include dis-
covering objects available from a set of wireless nodes in a
wireless environment. The discovery of objects available
from a set of wireless nodes may include a determination as
to whether a particular object is available from the set of
wireless nodes, identification of the wireless node or nodes
from which a particular object is available, or the like. In at
least some embodiments, the object discovery capability
enables probing of a set of offering wireless nodes, to
identify objects available from the offering wireless nodes,
to be performed in a single iteration of wireless message
exchange, thereby enabling a listening wireless node to test
for the presence of a particular object or objects in a local
pool of wireless nodes, identify at least one wireless node in
a local pool of wireless nodes from which a particular object
is available, passively update its view of objects available
from a local pool of wireless nodes (information which, e.g.,
may be cached by the listening wireless node for future use,
thereby reducing the need for subsequent probing of the
local pool of wireless nodes), or the like, as well as various
combinations thereof. In at least some embodiments, the
object discovery capability leverages physical features of the
wireless medium (namely, the nature of wireless signals in
a Hertzian broadcast channel) in combination with set
reconciliation techniques (e.g., using data structures, such as
Bloom filters, with information at the physical layer (e.g.,
signal interference, analog network coding, or the like) and,
optionally, one or more other layers (e.g., multiplexing at the
Media Access Control (MAC) layer or other suitable layer,
where the multiplexing may be in the time domain, fre-
quency domain, code domain, or the like) in order to enable
discovery of objects available from a set of wireless nodes
in a wireless environment. The discovery of objects avail-
able from a set of wireless nodes may be better understood
when considered within the context of an exemplary wire-
less network, such as the exemplary wireless network
depicted in FIG. 1.

FIG. 1 depicts an exemplary environment including a set
of wireless nodes storing objects.

The exemplary environment 100 supports a global object
set 101 including objects 102. In general, an object 102 may
be any information that may be represented in binary form.
For example, objects 102 may be names, node identifiers,
files, services, content items (e.g., audio files, videos, or the
like), or the like. In the exemplary environment 100, global
object set 101 is [A, B, C, D, EJ. It will be appreciated that
the global object set 101 may include fewer or more than the
five objects 102 listed as being part of the global object set
101.

The exemplary environment 100 includes three wireless
nodes 110,-110, (collectively, wireless nodes 110). It will be
appreciated that fewer or more wireless nodes 110 may be
present in exemplary environment 100. The exemplary
environment 100 may include any suitable type of environ-
ment in which wireless nodes 110 may be located. The
wireless nodes 110 may include any wireless-enabled
devices. The wireless nodes 110 may be independent or may
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be associated in some manner (e.g., as part of a common
wireless network). For example, wireless nodes 110 may
include Radio Frequency Identifier (RFID) tags, sensors,
autonomous wireless devices (e.g., for machine-to-machine
(M2M) type communications), wireless user terminals
(WUTs), Wireless Fidelity (WiFi) access points (WAPs),
fixed cellular base stations (BSs), mobile cellular BSs, or the
like.

The wireless nodes 110,-110; store local object sets
111, -111; (collectively, local object sets 111), respectively.
The local object set 111 of a wireless node 110 may be stored
on the wireless node 110 in any suitable manner (e.g., in
permanent storage, in memory, in a database, or the like).
The local object set 111 of a wireless node 110 may include
one or more objects 102 from global object set 101. In the
exemplary environment 100, local object set 111, of wireless
node 110, is [B, C], local object set 111, of wireless node
110, is [A, B], and local object set 1115 of wireless node 110,
is [B, D, E]. Thus, it will be appreciated that each wireless
node 110 may store some or all of the objects 102 from the
global object set 101 and, similarly, that the global object set
101 is the full set of objects 102 available from the wireless
nodes 110.

The wireless nodes 110 are configured to represent their
respective local object sets 111 using data structures. The
wireless nodes 110 may be configured to represent informa-
tion indicative of their local object sets 111 using data
structures. It will be appreciated that there are various
mechanisms which may be used to represent membership
information of a subset S (e.g., local object set 111) from a
full set 0 (e.g. global object set 101) in a space-efficient way.
One such mechanism which may be used to represent
membership information of a subset S from a full set 0 in a
space-efficient way is a Bloom filter. Thus, in at least some
embodiments, as depicted and described herein, wireless
nodes 110,-110; may be configured to represent information
indicative of their respective local object sets 111,-111,
using Bloom filters 112,-112; (collectively, Bloom filters
112), respectively. In general, a Bloom filter B is a sequence
of M values (initially all set to FALSE (e.g., ‘0’)) where an
item I can be inserted into Bloom filter B by setting to TRUE
(e.g., ‘1”) those value positions of Bloom filter B that
correspond to the result of k hash functions H(I) defined on
the support [0, m-1] and, further, where a test as to whether
an item J is present in Bloom filter B is performed by
calculating the k hash functions H(J) and checking the
values of the relevant value positions in Bloom filter B (i.e.,
if all of the relevant value positions for item J are set to
TRUE, then the item J is believed to belong to the Bloom
filter B with high probability). An exemplary Bloom filter
112, for a wireless node 110, is depicted in FIG. 1. As
illustrated in FIG. 1, the Bloom filter 112 is a sequence of M
logical values organized in a sequence of M value positions,
where each value of each value position may be set to TRUE
or FALSE. The specific Bloom filters 112,-112; of wireless
nodes 110,-110,, respectively, also are depicted in FIG. 1
(and further details are depicted in FIG. 2). It will be
appreciated that Bloom filters ensure that no ‘false negative’
errors are returned (i.e., items in the Bloom filter believed
not to be present), and enable the likelihood of ‘false
positive’ errors (i.e., items not contained in the Bloom filter
but marked as being present in the Bloom filter) to be tuned
by choosing the Bloom filter parameters (namely, m and k)
to be in a certain relationship with the expected number of
items n to be represented. It will be appreciated that,
although primarily depicted and described with respect to
embodiments in which wireless nodes 110 use Bloom filters
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112 as the data structures used to represent information
indicative of their local object sets 111, any other suitable
types of data structures may be used by wireless nodes 110
to represent information indicative of their local object sets
111.

The wireless nodes 110 are configured such that a given
wireless node 110 is able to determine, in a single message
exchange, which objects in the global object set 101 are
available from other wireless nodes 110 within wireless
range of the given wireless node 110. In this manner, the
given wireless node 110 is able to determine, in a single
exchange of messages, whether a given object the global
object set 101 is available in a local object set 111 of at least
one of the other wireless nodes 110 within wireless range of
the given wireless node 110.

The wireless nodes 110,-110, are configured to wirelessly
transmit their Bloom filters 112,-112,, respectively. In gen-
eral, wireless transmission allows representing a sequence of
values (e.g., such as the values of a Bloom filter or other
suitable data structure) as a sequence of signals (which may
be encoded in any suitable domain, such as time, frequency,
code, or the like). Accordingly, a wireless node 110, may be
configured to wirelessly transmit its Bloom filter 112, by
processing the sequence of values of the value positions of
the Bloom filter 112, to produce a sequence of signals
representing the values of the value positions of the Bloom
filter 112, and wirelessly transmitting the sequence of signals
representing the values of the value positions of the Bloom
filter 112,. In other words, since a Bloom filter 112, is a
sequence of values, transmission of a Bloom filter 112, by a
wireless node 110, produces a sequence of signals corre-
sponding to the sequence of values of the Bloom filter 112,.
The signals used to represent values from value positions of
a Bloom filter 112 may be any suitable types of signals (e.g.,
complex symbols, modulated bit sequences, or the like). The
signals used to represent values from value positions of a
Bloom filter 112 may be encoded in any suitable domain
(e.g., time, frequency, code, or the like). It is noted that,
since the signals used to represent values from value posi-
tions of a Bloom filter 112 may be encoded in any suitable
domain (including domains other than the time domain), the
terms “sequence of values” and “sequence of signals™ (and
other related terms) should not necessarily be limited to a
sequence that is function of time, but, rather, may only be
indicative of a logical ordering among the values and, thus,
a logical ordering among the signals representing those
values.

The wireless nodes 110,-110; are configured to represent
respective Bloom filters 112,-112, by processing the values
of the value positions of the Bloom filters 112,-1125 to
produce signals representing the values of the value posi-
tions of the Bloom filters 112,-112,, respectively. As noted
above, each Bloom filter 112 is a sequence of values and,
thus, each wireless node 110 transmits a wireless signal
sequence which is a sequence of wireless signals. et BF,[n]
denote the n” value position of Bloom filter 112, of wireless
node 110,. The wireless node 110, processes each value
position of Bloom filter 112, to produce an associated signal
based on the value at the value position of the Bloom filter
112,. If BF,[n]=FALSE (e.g., 0), wireless node 110, produces
a global signal s, which represents that the value at value
position n of Bloom filter 112, is not set. The global signal
s, 1s known by every wireless node 110 in advance (i.e., each
wireless node 110, is configured to transmit global signal s,
to represent each FALSE value in its respective Bloom filter
112)). If BF,[n]=TRUE (e.g., 1), wireless node 110, produces
a local signal s, which is unique to wireless node 110, and
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6

which represents that the value at value position n of Bloom
filter 112, is set. The local signal s, that is used by wireless
node 110, may be determined by or on behalf of wireless
node 110,. The local signal s; that is used by wireless node
110, may be a function of any suitable information, which
may depend on the type of wireless nodes 110 being used
(e.g., 802.11 MAC IDs where the wireless nodes 110 com-
municate using 802.11, RFID tags where the wireless nodes
110 are RFID tags, or the like).

It is noted that the signals used for representing values of
Bloom filters 112 of wireless nodes 110 satisfy a “functional
orthogonality” property. Let f denote a function that has the
following property: 1(s;, s,)=0 if i=j. The function (s, s))
takes a positive value only if i=j. It will be appreciated that
a wireless node 110, only knows global signal s, and its own
local signal s, for values of its Bloom filter 112 that are set
to TRUE, until the wireless node 110, operates as a receiving
wireless node and receives a combined wireless signal
which is a combined representation of a set of Bloom filters
112 from a set of wireless nodes 110 operating as transmit-
ting wireless nodes. In other words, operating as a receiving
wireless node enables a given wireless node 110, to learn the
local signal(s) of the other wireless node(s) that are operat-
ing as transmitting wireless nodes.

It is noted that the local signal s, for a wireless node 110,
acts as a signature for that wireless node 110,. The functional
orthogonality property makes it possible to mathematically
distinguish two local signals s, and s, of two different
wireless nodes 110, and 110,, respectively. The functional
orthogonality property may be realized through an appro-
priate modulation scheme. As noted above, the signal that is
used to represent a value position of a Bloom filter 112 may
be a complex symbol, a modulated bit sequence, or the like.

In at least some embodiments, for example, the wireless
nodes 110, are configured to transmit local signals s, that are
modulated in amplitude and phase. It is noted that such a
signal is typically represented by a complex symbol. In such
embodiments, the orthogonality function is defined as {(s,,
s;)=s;*s;, where *’ represents the complex conjugate.

In at least some embodiments, for example, the wireless
nodes 110, are configured to transmit local signals s, as
modulated bit sequences (e.g., where each value in a Bloom
filter 112, is encoded as a bit sequence). If BF,[n]=FALSE,
the wireless node 110, transmits a bit sequence s,. If BF,[n]=
TRUE, the wireless node 110, transmits a bit sequence s;
(unique to wireless node 110,). In such embodiments, the
orthogonality function is defined as (s, s;)=sxs,, where the
‘X’ operator stands for external product. It is noted that
converting a value in a Bloom Filter 112 into a bit sequence
may be performed in any suitable manner. In at least some
embodiments, for example, wireless node 110, may convert
a value in Bloom Filter 112, into a bit sequence using
Direct-Sequence Spread Spectrum (DSSS) as it is used in
Code Division Multiple Access (CDMA) and wireless trans-
mit the bit sequence using any suitable mechanism for
transmission of such a bit sequence (e.g., mapping the bit
sequence onto an amplitude-phase slot using Quadrature
Amplitude Modulation (QAM), mapping the bit sequence
onto a time-frequency slot over the wireless medium
through Orthogonal Frequency-Division Multiplexing
(OFDM), or the like). In at least some embodiments, for
example, wireless node 110, may convert a value in Bloom
Filter 112, into a bit sequence and wireless transmit the bit
sequence using analog network coding techniques, such as
those described in the paper entitled “Embracing Wireless
Interference: Analog Network Coding,” by Katti et al.
Various other implementations are contemplated.



US 9,467,842 B2

7

The wireless nodes 110 may be configured to wirelessly
transmit their Bloom filters 112 in a synchronized fashion. It
will be appreciated that, due to the nature of the wireless
transmission medium, two or more transmitting wireless
devices transmitting at (or roughly at) the same time within
the same domain representation (e.g., again, frequency,
code, or the like) will collide such that a receiving wireless
device will not be able to differentiate the contents of the
wireless communication, and—in the general case—will not
be able to decode the contents of the wireless communica-
tion. However, if the information conveyed in the physical
domain is structured by the transmitting wireless devices
using suitable data structures (e.g., Bloom filters or other
suitable data structures), the wireless channel will implicitly
apply a logical OR to the transmitted data, which provides
a desired summation of the multiple data structures in the
received data that is received by receiving wireless device.
Accordingly, as noted above, wireless nodes 110 may be
configured to wirelessly transmit their Bloom filters 112 in
a synchronized fashion, where synchronization indicates
that a set of transmitting wireless nodes 110 transmits their
respective Bloom filters 112 such that a receiving wireless
node 110 that is “listening” to the wireless transmission
medium receives wireless transmissions from the other
wireless nodes 110 in a manner enabling the wireless
properties of the wireless transmission medium to produce at
the receiving wireless node 110 a combined wireless signal
sequence that represents the wireless transmissions by the
other wireless nodes 110 of their respective Bloom filters
112 using respective signal sequences. The synchronization
of wireless transmissions such that a set of transmitting
wireless nodes 110 transmits their respective Bloom filters
112 at or near the same time may be provided by one or more
of a pre-determined schedule configured on the wireless
nodes 110, configuration of the wireless nodes 110 to
perform periodic wireless transmissions, interrogation of the
wireless nodes 110 by an interrogating device (e.g., one of
the wireless nodes 110 that is listening to the wireless
transmission medium, a control device that is not one of the
wireless nodes 110 (e.g., a management system), or the like),
or the like, as well as various combinations thereof. In other
words, a wireless node 110 may be configured to transmit its
Bloom filter 112 in response to a trigger condition (e.g.,
detection of a time at which the wireless node 110 is
scheduled to transmit its Bloom filter 112, receipt of a
message requesting that the wireless node 110 transmit its
Bloom filter 112, or the like).

As a result, a given wireless node 110, by detecting the
mere presence of valid communication on a wireless channel
(as opposed to noise from sources not involved in the object
identification process), is able to determine, in a single
message exchange, a Bloom filter representation of the
objects available from other wireless nodes 110 transmitting
within wireless range of the given wireless node 110 and,
thus, is able to determine which objects in the global object
set 101 are available from other wireless nodes 110 trans-
mitting within wireless range of the given wireless node 110.
The operation of given wireless node 110 in determining
which objects in the global object set 101 are available from
other wireless nodes 110 transmitting within wireless range
of the given wireless node 110 is described below.

The wireless nodes 110 are configured such that a given
wireless node 110 is able to determine, in a single message
exchange, which objects in the global object set 101 are
available from other wireless nodes 110 within wireless
range of the given wireless node 110. The given wireless
node 110 that determines which objects in the global object
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set 101 are available from other wireless nodes 110 within
wireless range of the given wireless node 110 is referred to
as the receiving wireless node 110 and the other wireless
nodes 110 are referred to as transmitting wireless nodes 110.
Let x,[n] denote the n” signal transmitted by transmitting
wireless node 110,, which corresponds to BF,[n] for Bloom
filter 112, of transmitting wireless node 110,. As described
above, transmission of Bloom filters 112 by transmitting
wireless nodes 110 is aligned such that the n? signals from
each of the transmitting wireless nodes 110 are all received
by the receiving wireless node 110 at the same time (or at
least sufficiently close in time to allow the wireless proper-
ties of the wireless transmission medium to produce a
combined wireless signal sequence that may be used by the
receiving wireless node 110 to determine which objects 102
in the global object set 101 are available from the transmit-
ting wireless nodes 110). The n-th combined wireless signal
of'the combined wireless signal sequence (denoted as y[n] of
combined wireless signal sequence Y) received at the receiv-
ing wireless node 110 due to transmissions of Bloom filters
112 by the transmitting wireless nodes 110 may be given by:

N
Yl = 3 Hixiln] + winl,
i=1

where (1) x,[n], as indicated above, denotes the n” signal
transmitted by transmitting wireless node 110,, which cor-
responds to BF,[n] for Bloom filter 112, of transmitting
wireless node 110,, (2) each H, is a complex number that
characterizes the wireless channel between the i” transmit-
ting wireless node 110 and the receiving wireless node 110
(e.g., characterization in terms of attenuation and phase shift
that depends on the distance between the transmitting wire-
less node and the receiving wireless nodes), (3) w[n] is an
instance of random complex noise, and (4) N is the number
of transmitting wireless nodes 110 that transmitted their
respective Bloom filters 112. It is noted that this description
assumes a flat-fading quasi-static channel, and may be
suitably adapted for other types of wireless channels. It is
further noted that operation with a relatively large SNR is
assumed such that the noise term may be neglected from the
combined wireless signal sequence received at the receiving
wireless node 110 (but that various embodiments may
account for the noise term in the expression of the combined
wireless signal sequence received at the receiving wireless
node 110). The combined wireless signal sequence received
at the receiving wireless node 110 is a superposition of a set
of signals transmitted by the transmitting wireless nodes
110, which may be processed to set values of value positions
of' a combined Bloom filter, respectively. It will be appre-
ciated that, since the signals of the combined wireless signal
sequence correspond to value positions of the Bloom filters
112 transmitted by the transmitting wireless nodes 110,
synchronized transmission of the Bloom filters 112 by the
transmitting wireless nodes 110 enables the wireless prop-
erties of the wireless transmission medium to produce
logical ORs of the value positions of the Bloom filters 112
transmitted by the transmitting wireless nodes 110 (i.e., the
value positions of the combined Bloom filter determined at
the receiving wireless node 110 are logical ORs of the value
positions of the Bloom filters 112 transmitted by the trans-
mitting wireless nodes 110, respectively). In other words,
the combined wireless signal sequence includes a number of
signals corresponding to the number of value positions of
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each of the Bloom filters 112 transmitted by the transmitting
wireless nodes 110 and, similarly, the combined Bloom filter
includes the same number of value positions as the Bloom
filters 112 transmitted by the transmitting wireless nodes
110.

The receiving wireless node 110 processes the combined
wireless signal sequence in order to determine the combined
Bloom filter, which may then be used in order to determine
which objects 102 in the global object set 101 are available
from the transmitting wireless nodes 110. The processing of
the combined wireless signal sequence in order to determine
the combined Bloom filter may depend on the type of signals
used by the transmitting wireless nodes 110 to represent
their respective Bloom filters 112 (e.g., complex symbols,
modulated bit sequences, or the like).

In at least some embodiments, for example, in which each
signal of the transmitting wireless nodes is represented by a
complex symbol that yields the amplitude and the phase of
the signal, the receiving wireless node 110 may process the
combined wireless signal sequence in order to determine the
combined Bloom filter by calculating the projection of the
combined wireless signal sequence on global signal s, (i.e.,
the global signal for a FALSE value that is recognized by
each wireless node 110 as being representative of a FALSE
value). The receiving wireless node 110 calculates the
projection of the combined wireless signal sequence on
global signal s,. Namely, for a given combined wireless
signal y[n] of the combined wireless signal sequence
received by the receiving wireless node 110, the receiving
wireless node 110 determines if s,*y[n]=ls|ly[n]l, where
y[n] is the combined wireless signal at the n-th position of
the combined wireless signal sequence and s,* refers to the
complex conjugate of global signal s,. If s *y[n]=Is,|ly[n]l,
then a determination is made that the given combined
wireless signal y[n] totally projects on global signal s, and,
thus, that the combined wireless signal y[n] is a wireless
combination of global signals s, (i.e., based on logical OR
properties of the signals of the combined wireless signal
sequence, a determination is made that no other signal, other
than global signal s,, has been transmitted by any of the
transmitting wireless nodes 110) and, thus, that the value of
the corresponding value position of the combined Bloom
filter is set to FALSE (e.g., “0”). Alternatively, if s,*y[n]=
Isolly[n]l, then a determination is made that combined wire-
less signal y[n] includes at least one local signal si that is
orthogonal to global signal s, so that there is at least one
transmitting wireless node 110 that transmitted a TRUE
value (i.e., based on logical OR properties of the signals of
the combined wireless signal sequence), a determination is
made that there is at least one transmitting node 110 with
BF[n]=TRUE at that corresponding value position of its
Bloom filter 112) and, thus, the value of the corresponding
value position of the combined Bloom filter is set to TRUE
(e.g., “1”). In this manner, the receiving wireless node 110
logically ORs the Bloom filters 112 of the transmitting
wireless nodes 110 (on a value position by value position
basis) to produce a combined Bloom filter which may be
used by the receiving wireless node 110 to determine which
objects 102 in the global object set 101 are available from
the transmitting wireless nodes 110. The receiving wireless
node 110 may then use the combined Bloom filter to check
for availability of particular objects 102 from the set of
transmitting wireless nodes 110 in a manner which would be
understood by one skilled in the art (e.g., hashing into the
combined Bloom filter).

The wireless nodes 110 are configured such that a given
receiving wireless node 110 is able to identify, in a single
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message exchange, one of the transmitting wireless nodes
110 that includes a particular object 102. In this manner, the
given receiving wireless node 110 is able to identify, in a
single exchange of messages, a source of a given object 102
of'the global object set 101 from among a set of transmitting
wireless nodes 110 within wireless range of the given
receiving wireless node 110.

In at least some embodiments, in which an assumption
may be made that no collisions occur in the transmission of
values of the Bloom filters 112 that are set to TRUE, the
identity of a transmitting wireless node 110 may be repre-
sented within the signal that represents the TRUE value of
the Bloom filter 112 of the transmitting wireless node 110
(e.g., within local signal s, of transmitting wireless node
110,). The inclusion of the identity of a transmitting wireless
node 110 in this manner enables a receiving wireless node
110 to identify the transmitting wireless node 110 as the
source of an object 102 by decoding the wireless signal
associated with the wireless transmitting node 110 when the
wireless signal of transmitting wireless node 110 is detected
for the object in the combined Bloom filter of the receiving
wireless node 110. In at least some such embodiments, a
receiving wireless node 110, after determining the combined
Bloom filter resulting from wireless transmissions by a set of
transmitting wireless nodes 110, may identify one of the
transmitting wireless nodes 110 that includes a particular
object 102 by analyzing the set of value positions of the
combined Bloom filter corresponding to the particular object
102 in order to determine whether the particular object 102
is available from at least one of the transmitting wireless
nodes 110 and, in response to a determination that the
particular object 102 is available from at least one of the
transmitting wireless nodes 110, decoding any one of the
signals of any one of the value positions of the combined
Bloom filter corresponding to the particular object 102 in
order to reveal the identity of an associated one of the
transmitting wireless nodes 110 from which the particular
object 102 is available.

In at least some embodiments, in which an assumption is
not made that no collisions occur in the transmission of
values of the Bloom filters 112 that are set to TRUE, a
receiving wireless node 110 may identify a transmitting
wireless node 110 from which an object is available based on
one or more analog network coding techniques. It is noted
that, in the general case, collisions between transmitting
wireless nodes 110 will happen in the following two cases:
(1) when two or more transmitting wireless nodes 110
include a common subset of objects and (2) when transmit-
ting wireless nodes 110 include disjoint sets of objects but
their associated Bloom filters 112 have corresponding value
positions set to TRUE. In at least some embodiments, as
noted above, these cases may be handled by enabling a
receiving wireless node 110 to use analog network coding
techniques which allow reconstruction of linear combina-
tions of wireless signals from prior partial knowledge of
what has likely been transmitted. It is assumed that the
Bloom filters 112 of wireless nodes 110 are large enough that
there is a sufficiently large number of indexes such that there
is only one transmitting wireless node 110 for which BF,
[n]=L1. It is noted that each value may be factorized using a
method similar to the Gram-Schmidt process or using any
other suitable process.

In at least some embodiments, a receiving wireless node
110 is able to identify one of the transmitting wireless nodes
110 that includes a given object 102 by identifying a value
position n of the combined Bloom filter that corresponds to
the given object 102 (e.g., having a value set to TRUE only
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for the given object 102) and processing the combined
wireless signal y[n] associated with the value position n in
order to determine which of the local signals of the trans-
mitting wireless nodes 110 contributed to combined wireless
signal y[n].

In at least some embodiments, the receiving wireless node
110 is configured to determine which of the local signals of
the transmitting wireless nodes 110 contributed to combined
wireless signal y[n] by projecting the combined wireless
signal y[n] onto each signal s in a set of signals S, where the
set of signals S includes global signal s, as well as each of
the local signals within the combined wireless signal
sequence (and, thus, which could be contributing to the
combined wireless signal y[n]).

In at least some embodiments, the receiving wireless node
110 is configured to determine which of the local signals of
the transmitting wireless nodes 110 contributed to combined
wireless signal y[n] based on the set of signals S by, for each
signal s in the set of signals S, iteratively performing: (1)
calculate a temporary signal r[n,s] by projecting the com-
bined wireless signal y[n] on the signal s from the set of
signals S, and (2) determine whether the signal s contributed
to combined wireless signal y[n] by measuring the energy
value of the temporary signal r[n,s] and comparing the
energy value of the temporary signal r[n,s] against a thresh-
old (e.g., a determination is made that signal s contributed to
combined wireless signal y[n] based on a determination that
the energy value of the temporary signal r[n,s] satisfies the
threshold and a determination is made that signal s did not
contribute to combined wireless signal y[n] based on a
determination that the energy value of the temporary signal
r[n,s] does not satisfy the threshold).

In at least some embodiments, the receiving wireless node
110 is configured to determine the set of signals S by (1)
initializing the set of signals S to include the global signal
for FALSE (s,), (2) initializing a sequence of temporary
signals (denoted as r) that is equal to the combined wireless
signal sequence y received by the receiving wireless node
(i.e., r[n] is equal to y[n] at each of the positions of the
combined wireless signal sequence), (3) iterate as follows
until the value of each temporary signal r[n] is below a
threshold: (3a) iteratively perform the following on each of
the combined wireless signals of the combined wireless
signal sequence: (3a-1) compute the value of the temporary
signal r[n] by subtracting the projections of the combined
wireless signal y[n] on the set of signals S, (3a-ii) determine,
from among the temporary signals r[n], a wireless signal q
having the lowest energy value that is greater than a thresh-
old, and (3a-iii) add the determined signal q to the set of
signals S.

In at least some embodiments, the receiving wireless node
110 may determine which of the local signals of the trans-
mitting wireless nodes 110 contributed to each of the com-
bined wireless signals y[n] in the combined wireless signal
sequence. In at least some such embodiments, given the
association between the combined wireless signals y[n| of
the combined wireless signal sequence and the value posi-
tions of the combined Bloom filter, the receiving wireless
node 110 is able to maintain, for each of the value positions
of the combined Bloom filter, information indicative of
which of the local signals contributed to the combined
wireless signal which was processed to determine the value
in that value position of the combined Bloom filter.

It is noted that the foregoing description of the process by
which a receiving wireless node 110 identifies one of the
transmitting wireless nodes 110 that includes a given object
102 is specific to embodiments in which the signals used by
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the transmitting nodes 110 are complex symbols. As
described herein, however, the transmitting wireless nodes
110 may represent the values of the Bloom filters 112 using
signals other than complex symbols. Accordingly, more
generally, the receiving wireless node 110 may be config-
ured to identify one of the transmitting wireless nodes 110
that includes a given object 102 by using projections on the
functionally orthogonal signals used by the transmitting
nodes 110 to represent the values of the Bloom filters 112.
This more general embodiment is applicable for use with
any of the various signal types that may be used by the
transmitting nodes 110 to represent the values of the Bloom
filters 112.

In at least some embodiments, additional information
determined regarding which transmitting wireless nodes 110
reported TRUE values in the combined Bloom filter of a
receiving wireless node 110 may be used to suppress false
positives, thereby allowing reductions in the size of the
Bloom filters 112 used by the wireless nodes 110.

Various embodiments discussed within the context of
FIG. 1 may be better understood with respect to the example
of FIG. 2.

FIG. 2 depicts an exemplary wireless environment and
illustrates propagation and processing of wireless signals by
wireless nodes in a set of wireless nodes storing objects. The
wireless environment 200 of FIG. 2 is similar to wireless
environment 100 of FIG. 1, including wireless nodes 110
depicted and described with respect to FIG. 1. In this
example, assume that wireless node 110, wants to determine
which objects 102 are available in its vicinity (which
includes wireless nodes 110, and 110,). For purposes of
clarity, this example assumes that no two Bloom filters 112
are identical (i.e. they all differ for at least a single value
position set to TRUE), although it will be appreciated that
embodiments still may be supported in the case of Bloom
filters 112 which do not support this property. The wireless
node 110;, upon sensing that no other transmissions are
ongoing in its vicinity, transmits a Request for Objects (RfO)
message. The other wireless nodes 110 in the vicinity of
wireless node 110, (again, wireless nodes 110, and 110,),
upon receiving the RfO message, respond to the RfO mes-
sage with respective Content of Objects (CoO) messages
including Bloom filters 112, and 112, which are wireless
signal sequences representative of local object sets 111, and
111, respectively. The wireless nodes 110, and 110,, upon
receiving the RfO message, transform the Bloom filters 112,
and 112, into the CoO messages by converting each of the
value positions of the Bloom filters 112, and 112, into
respective signals. Namely, the wireless node 110, is con-
figured to (1) if BF,[n]=FALSE (e.g., “0”), produce the
global signal s, (the signal for FALSE, as discussed above)
and (2) if BF,[n]=TRUE (e.g., “1”), produce the local signal
s, which is unique to node 110,. As depicted in FIG. 2, the
Bloom filter 112, of wireless node 110, includes ten value
positions having values set as [0, 0, 1, 0, 1, 0, 1, 0, 1, 0]
(where value positions 5 and 9 being set to TRUE indicates
the presence of object B on wireless node 110,, and value
positions 3 and 7 being set to TRUE indicates the presence
of object C on wireless node 110,) and, thus, wireless node
110, transmits a wireless signal sequence 213, including the
following signals [sy, Sg, 515 Sg» S;. Sg» S1s Sg» Sys Sol-
Similarly, as depicted in FIG. 2, the Bloom filter 112, of
wireless node 110, includes ten value positions having
values setas [0, 1,0,0, 1, 0,0, 0, 1, 1] (where value positions
2 and 10 being set to TRUE indicates the presence of object
A on wireless node 110,, and value positions 5 and 9 being
set to TRUE indicates the presence of object B on wireless
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node 110,) and, thus, wireless node 110, transmits a wireless
signal sequence 213, including the following signals [s,, s,
S0s S0s S35 S0s S0s So» 525 S5]- Thus, the wireless nodes 110, and
110, transmit the CoO messages including the Bloom filters
112, and 112, as wireless signal sequences 213, and 213,,
respectively, and wireless properties of the wireless signal
medium result in a merging of the CoO messages such that
the wireless node 110, receives a combined CoO message
from which wireless node 110, can (1) determine the set of
objects available from wireless nodes 110, and 110, within
its vicinity and (2) for a given object, identify at least one of
the wireless nodes 110, and 110, within its vicinity from
which the given object is available. As depicted in FIG. 2,
wireless node 110, receives combined wireless signal
sequence 214, including ten signals, where each of the
signals of the combined wireless signal sequence 214,
includes a wireless combination of the two signals trans-
mitted by wireless nodes 110, and 110, in the corresponding
positions of their wireless signal sequences 213, and 213,,
respectively. The wireless node 110, processes the combined
wireless signal sequence 214, to produce a combined Bloom
filter 215, which represents logical ORs of the values
portions of the Bloom filters 112, and 112, transmitted by
wireless nodes 110, and 110,, respectively. As depicted in
FIG. 2, the combined wireless signal in the first position of
the combined wireless signal sequence 214, is determined to
be global signal s, such that the first value position of
combined Bloom filter 215, is set to FALSE (e.g., “0”), the
combined wireless signal in the second position of the
combined wireless signal sequence 214, is determined to be
something other than global signal s, (namely, a combina-
tion of global signal s, transmitted by wireless node 110, in
the second position of its wireless signal sequence 213, and
local signal s, transmitted by wireless node 110, in the
second position of its wireless signal sequence 213,) such
that the second value position of combined Bloom filter 215,
is set to TRUE (e.g., “1”), and so forth, until the wireless
node 110, has constructed the combined Bloom filter 215,
from combined wireless signal sequence 214. The wireless
node 110, may then use the combined Bloom filter 215, to
determine the set of objects available from wireless nodes
110, and 110, within its vicinity (e.g., by determining that
value positions 2 and 10 corresponding to object A are set to
TRUE in the combined Bloom filter 215;, wireless node
110, knows that object A is available from at least one of
wireless node 110, and wireless node 110,; similarly, by
determining that value positions 5 and 9 corresponding to
object B are set to TRUE in the combined Bloom filter 215;,
wireless node 110, knows that object B is available from at
least one of wireless node 110, and wireless node 110,). The
wireless node 1105 also may use the combined Bloom filter
215, to identity, for a given object, at least one of the
wireless nodes 110, and 110, within its vicinity from which
the given object is available.

FIG. 3 depicts an embodiment of a method for discover-
ing a set of objects available from a set of wireless nodes. As
depicted in FIG. 3, in method 300, a portion of the steps are
performed by a discovering wireless node (primarily
referred to herein as a receiving wireless node) and a portion
of the steps are performed by a set of local wireless nodes
(primarily referred to herein as a transmitting wireless
nodes) within wireless range of the discovering wireless
node. At step 301, method 300 begins. At step 310, the
discovering wireless node transmits a wireless Request for
Objects (RfO) message. The wireless RfO message will be
received by other wireless nodes within wireless range of the
discovering wireless node (in this case, the local wireless
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nodes). At step 320, each of the local wireless nodes receives
the wireless RfO message. At step 330, each of the local
wireless nodes produces a respective wireless signal
sequence based on its Bloom filter, respectively. Namely,
each local wireless node represents each value of its Bloom
filter using a respective signal (e.g., using the global signal
for FALSE and respective local signals for TRUE) to form
thereby the wireless signal sequences of the local wireless
nodes. At step 340, each of the local wireless nodes transmits
a respective Content of Object (CoO) message including its
respective wireless signal sequence produced based on its
respective Bloom filter. It is noted that each of the local
wireless nodes also may be considered to transmit its
respective wireless signal sequence produced based on its
respective Bloom filter independent of any particular type of
message. At step 350, the discovering wireless node receives
a combined wireless signal sequence which, as depicted in
FIG. 3, results from wireless properties of the wireless
transmission medium within which the local wireless nodes
transmit their wireless signal sequences. At step 360, the
discovering wireless node determines a combined Bloom
filter from the combined wireless signal sequence. At step
370, the discovering wireless node performs object discov-
ery on the set of local wireless nodes based on the combined
Bloom filter or the combined wireless signal sequence (e.g.,
determining object availability for one or more objects based
on the combined Bloom filter, determining object source
information for one or more objects based on the combined
wireless signal sequence, or the like, as well as various
combinations thereof). At step 399, method 300 ends. It will
be appreciated that the various steps of method 300 may be
better understood by way of reference to FIGS. 1 and 2.

As described herein, various embodiments depicted and
described herein may be used in various types of environ-
ments or for various types of applications. For example,
embodiments depicted and described herein may be used to
perform RFID scanning of a large number (N) of devices in
order to find a particular device in O(1), rather than by
iterating queries over O(log N) groups of devices in order to
find the particular device. Similarly, for example, embodi-
ments depicted and described herein may be used to build a
summary Bloom filter, representing a list of all of the objects
that are present in the devices within the wireless range, in
O(1), rather than by iterating over the devices in O(N).

Various embodiments of the object discovery capability
presented herein provide advantages over existing object
discovery techniques. For example, various embodiments of
the object discovery capability may eliminate problems
resulting from use of multiple iterations of message
exchanges in order to discover information in a wireless
environment (e.g., triggering of back-off timers, increases in
the number of iterations dependent on device density in the
wireless environment, and the like). For example, various
embodiments of the object discovery capability may elimi-
nate problems associated with use of push techniques (e.g.,
lack of scalability with the number of devices and objects
being shared, delays due to interference, and the like). For
example, various embodiments of the object discovery capa-
bility may eliminate problems associated with use of push
techniques (e.g., sensitivity to interference and collisions
between offering devices, sensitivity to interference and
collisions between requesting devices, and the like). Various
other advantages of embodiments of the object discovery
capability are contemplated.

FIG. 4 depicts a high-level block diagram of a computer
suitable for use in performing functions described herein.
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The computer 400 includes a processor 402 (e.g., a central
processing unit (CPU) and/or other suitable processor(s))
and a memory 404 (e.g., random access memory (RAM),
read only memory (ROM), and the like).

The computer 400 also may include a cooperating mod-
ule/process 405. The cooperating process 405 can be loaded
into memory 404 and executed by the processor 402 to
implement functions as discussed herein and, thus, cooper-
ating process 405 (including associated data structures) can
be stored on a computer readable storage medium, e.g.,
RAM memory, magnetic or optical drive or diskette, and the
like.

The computer 400 also may include one or more input/
output devices 406 (e.g., a user input device (such as a
keyboard, a keypad, a mouse, and the like), a user output
device (such as a display, a speaker, and the like), an input
port, an output port, a receiver, a transmitter, one or more
storage devices (e.g., a tape drive, a floppy drive, a hard disk
drive, a compact disk drive, and the like), or the like, as well
as various combinations thereof).

It will be appreciated that computer 400 depicted in FIG.
4 provides a general architecture and functionality suitable
for implementing functional elements described herein and/
or portions of functional elements described herein. For
example, the computer 400 provides a general architecture
and functionality suitable for implementing one of the
wireless nodes 110, a portion of one of the wireless nodes
110, or the like.

It will be appreciated that the functions depicted and
described herein may be implemented in software (e.g., via
implementation of software on one or more processors, for
executing on a general purpose computer (e.g., via execution
by one or more processors) so as to implement a special
purpose computer, and the like) and/or may be implemented
in hardware (e.g., using a general purpose computer, one or
more application specific integrated circuits (ASIC), and/or
any other hardware equivalents).

It will be appreciated that some of the steps discussed
herein as software methods may be implemented within
hardware, for example, as circuitry that cooperates with the
processor to perform various method steps. Portions of the
functions/elements described herein may be implemented as
a computer program product wherein computer instructions,
when processed by a computer, adapt the operation of the
computer such that the methods and/or techniques described
herein are invoked or otherwise provided. Instructions for
invoking the inventive methods may be stored in fixed or
removable media, transmitted via a data stream in a broad-
cast or other signal bearing medium, and/or stored within a
memory within a computing device operating according to
the instructions.

It will be appreciated that the term “or” as used herein
refers to a non-exclusive “or,” unless otherwise indicated
(e.g., use of “or else” or “or in the alternative”).

It will be appreciated that, although various embodiments
which incorporate the teachings presented herein have been
shown and described in detail herein, those skilled in the art
can readily devise many other varied embodiments that still
incorporate these teachings.

What is claimed is:

1. An apparatus for discovering objects available from a
set of wireless nodes, the apparatus comprising:

a processor and a memory communicatively connected to

the processor, the processor configured to:

receive a sequence of combined wireless signals, the
combined wireless signals being respective wireless
combinations of wireless signals of respective wire-
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less signal sequences transmitted by the wireless
nodes, the wireless signal sequences of the wireless
nodes being representative of respective local object
data structures of the wireless nodes, the local object
data structures of the wireless nodes being indicative
of respective sets of objects available from the
wireless nodes; and

generate a combined object data structure based on the
sequence of combined wireless signals, the com-
bined object data structure being indicative of
objects available from the set of wireless nodes.

2. The apparatus of claim 1, wherein the wireless signal
sequences transmitted by the wireless nodes correspond to
respective sequences of values of the local object data
structures of the wireless nodes, wherein the sequences of
values of the local object data structures of the wireless
nodes are indicative of the respective sets of objects avail-
able from the wireless nodes.

3. The apparatus of claim 2, wherein, to generate the
combined object data structure, the processor is configured
to:

analyze one of the combined wireless signals to determine

whether the one of the combined wireless signals is a
global signal for FALSE that is used by each of the
wireless nodes to represent FALSE values within the
respective object data structures of the wireless nodes.

4. The apparatus of claim 3, wherein, to analyze one of the
combined wireless signals to determine whether the one of
the combined wireless signals is a global signal for FALSE,
the processor is configured to:

calculate a projection of the combined wireless signal on
the global signal for FALSE.
5. The apparatus of claim 3, wherein, to generate the
combined object data structure, the processor is configured
to:

based on a determination that the one of the combined
wireless signals is a wireless combination of global
signals for FALSE, set a corresponding value position
of the combined object data structure to a value for
FALSE.

6. The apparatus of claim 3, wherein, to generate the
combined object data structure, the processor is configured
to:

based on a determination that the one of the combined
wireless signals is not a wireless combination of global
signals for FALSE, set a corresponding value position
of the combined object data structure to a value for
TRUE.

7. The apparatus of claim 1, wherein the processor is
configured to:

determine the sequence of combined wireless signals
based on:

N
Vil = ) Hixwln] +wlnl,
i=1

wherein xi[n] is the n-th wireless signal of the wireless
signal sequence transmitted by the i-th one of the
wireless nodes, Hi is a complex number characterizing
the wireless channel associated with the i-th one of the
wireless nodes, and w[n] is an instance of random
complex noise.
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8. The apparatus of claim 1, wherein the processor is
configured to:

determine, based on the combined object data structure,

whether a particular object is available from at least one
of the wireless nodes in the set of wireless nodes.

9. The apparatus of claim 8, wherein, to determine
whether a particular object is available from at least one of
the wireless nodes in the set of wireless nodes, the processor
is configured to:

determine a set of value positions of the combined object

data structure corresponding to the particular object;
and

determine whether the particular object is available from

at least one of the wireless nodes in the set of wireless
nodes based on a set of values from the set of value
positions of the combined object data structure corre-
sponding to the particular object.

10. The apparatus of claim 1, wherein the processor is
configured to:

identify, based on the sequence of combined wireless

signals, one of the wireless nodes from which a par-
ticular object is available.

11. The apparatus of claim 10, wherein, to identify one of
the wireless nodes from which a particular object is avail-
able, the processor is configured to:

identify, from the sequence of combined wireless signals,

one of the combined wireless signals corresponding to
a value position of the combined object data structure
which, when set to TRUE, indicates availability of the
particular object; and

determine one of the wireless signals of one of the

wireless nodes which contributed to the identified one
of the combined wireless signals.
12. The apparatus of claim 11, wherein, to determine one
of the wireless signals of one of the wireless nodes which
contributed to the identified one of the combined wireless
signals, the processor is configured to:
determine a set of signals, the set of signals including a
global signal for FALSE that is used by each of the
wireless nodes to represent FALSE wvalues within
respective local object data structures of the wireless
nodes, the set of signals including respective signals for
TRUE that are unique to the wireless nodes and used by
the wireless nodes in order to represent TRUE values
within the respective local object data structures of the
wireless nodes; and
determine the one of the wireless signals of one of the
wireless nodes which contributed to the identified one
of'the combined wireless signals based on projection of
the identified one of the combined wireless signals onto
each signal in the set of signals S.
13. The apparatus of claim 12, wherein, to determine the
set of signals, the processor is configured to:
initialize the set of signals to include the global signal for
FALSE,

initialize a sequence of temporary signals r[n] having
respective temporary signals equal to the combined
wireless signals in the sequence of combined wireless
signals:

iterate as follows until respective values of the temporary

signals r[n] are below a threshold:
iterate as follows on each of the combined wireless
signals:
compute a value of the temporary signal r[n]| by
subtracting projections of the combined wireless
signal y[n] on the set of signals S;
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determine, from among the temporary signals r[n], a
wireless signal q having a lowest energy value that
is greater than a threshold; and

add the determined signal q to the set of signals S.

14. The apparatus of claim 12, wherein, to determine the
one of the wireless signals of one of the wireless nodes
which contributed to the identified one of the combined
wireless signals based on projection of the identified one of
the combined wireless signals onto each signal in the set of
signals S, the processor is configured to:

for each signal (s) in the set of signals;

calculate a temporary signal r[n,s] by projecting the
identified one of the combined wireless signals on
the signal s from the set of signals; and

determine whether the signal s contributed to the iden-
tified one of the combined wireless signals y[n] by
measuring an energy value of the temporary signal

r[n,s] and comparing the energy value of the tem-

porary signal r[n,s] against a threshold.

15. The apparatus of claim 1, wherein the objects com-
prise at least one of node identifiers of the wireless nodes,
information available from the wireless nodes, content items
available from the wireless nodes, or services available from
the wireless nodes.

16. The apparatus of claim 1, wherein the local object data
structures are Bloom filters and the combined object data
structure is a Bloom filter.

17. The apparatus of claim 1, wherein the processor is
configured to:

wirelessly transmit a request for objects message, the

sequence of combined wireless signals being received
responsive to processing of the request for objects
message by the wireless nodes.

18. The apparatus of claim 1, wherein the memory is
configured to store a local object data structure indicative of
objects available from the apparatus, wherein the processor
is configured to:

represent the local object data structure as a sequence of

signals by providing, for each value in a sequence of
values of the local object data structure, a respective
signal representing the value in the sequence of values,
wherein each FALSE value in the sequence of values is
represented using a global signal for FALSE that is
used by each of the wireless nodes to represent FALSE
values within the respective local object data structures
of the wireless nodes, wherein each TRUE value in the
sequence of values is represented using a local signal
for TRUE that is unique to the wireless node for use by
the wireless node to represent TRUE values of the
respective local object data structure of the wireless
node; and

transmit the sequence of signals wirelessly.

19. The apparatus of claim 1, wherein the local object data
structures of the respective wireless nodes comprise respec-
tive sets of values, wherein each FALSE value in each of the
sets of values of the respective wireless nodes is represented
using a global signal for FALSE that is used by each of the
wireless nodes in the set of wireless nodes to represent
FALSE values of the respective object data structures of the
wireless nodes, wherein, for each of the wireless nodes in the
set of wireless nodes, each TRUE value in the respective set
of'values of the respective wireless node is represented using
a local signal for TRUE that is unique within the set of
wireless nodes for use only by the respective wireless node
to represent TRUE values of the object data structure of the
respective wireless node.
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20. The apparatus of claim 19, wherein, to generate the
combined object data structure, the processor is configured
to:

determine whether one of the combined wireless signals
is a global signal for FALSE; and

set a value position of the combined object data structure,
associated with the one of the combined wireless
signals, to a value for FALSE based on a determination
that the one of the combined wireless signals is a global
signal for FALSE or to a value for TRUE based on a
determination that the one of the combined wireless
signals is not a global signal for FALSE.

21. A method for discovering objects available from a set

of wireless nodes, the method comprising:

using a processor and a memory for:

receiving a sequence of combined wireless signals, the
combined wireless signals being respective wireless
combinations of wireless signals of respective wireless
signal sequences transmitted by the wireless nodes, the
wireless signal sequences of the wireless nodes being
representative of respective local object data structures
of the wireless nodes, the local object data structures of
the wireless nodes being indicative of respective sets of
objects available from the wireless nodes; and

generating a combined object data structure based on the
sequence of combined wireless signals, the combined
object data structure being indicative of objects avail-
able from the set of wireless nodes.

22. A wireless node of a set of wireless nodes, the set of
wireless nodes comprising the wireless node and at least one
other wireless node, the wireless node comprising:

a memory configured to store an object data structure
indicative of objects available at the wireless node, the
object data structure comprising a set of values; and

a processor communicatively connected to the memory,
the processor configured to:
represent the object data structure as a sequence of

signals by providing, for each value in the set of
values, a respective signal representing the value in

—
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the set of values, wherein each FALSE value in the
set of values is represented using a global signal for
FALSE that is used by each of the wireless nodes in
the set of wireless nodes to represent FALSE values
within respective object data structures of the wire-
less nodes, wherein each TRUE value in the set of
values is represented using a local signal for TRUE
that is unique within the set of wireless nodes for use
only by the wireless node to represent TRUE values
of the object data structure of the wireless node; and

control transmission of the sequence of signals from the
wireless node wirelessly.

23. A method for use by a wireless node of a set of
wireless nodes, the set of wireless nodes comprising the
wireless node and at least one other wireless node, the
method comprising:

using a processor and a memory for:

storing an object data structure indicative of objects
available at the wireless node, the object data struc-
ture comprising a set of values;

representing the object data structure as a sequence of
signals by providing, for each value in the set of
values, a respective signal representing the value in
the set of values, wherein each FALSE value in the
set of values is represented using a global signal for
FALSE that is used by each of the wireless nodes in
the set of wireless nodes to represent FALSE values
within respective object data structures of the wire-
less nodes, wherein each TRUE value in the set of
values is represented using a local signal for TRUE
that is unique within the set of wireless nodes for use
only by the wireless node to represent TRUE values
of the object data structure of the wireless node; and

controlling transmission of the sequence of signals
from the wireless node wirelessly.
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